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Abstract
Adult tissue stem cells self-renew and differentiate in a way that exactly meets the biological demand of the dependent tissue. We
evaluated spermatogonial stem cell (SSC) activity in the developing rat testis and the quality and accessibility of the stem cell niche in wild
type, and two busulfan-treated models of rat pup recipient testes using an SSC transplantation technique as a functional assay. While our
results revealed a 69-fold increase in stem cell activity during rat testis development from neonate to adult, only moderate changes in SSC
concentration were observed, and stem cells from neonate, pup, and adult donor testes produce spermatogenic colonies of similar size.
Analysis of the stem cell niche in recipient rat testes demonstrated that pup testes support high levels of donor stem cell engraftment when
endogenous germ cells are removed or compromised by busulfan treatment. Fertility was established when rat pup donor testis cells were
transplanted into fetal- or pup-busulfan-treated recipient rat pup testes, and the donor genotype was transmitted to subsequent generations.
These results provide insight into stem cell/niche interactions in the rat testis and demonstrate that techniques originally developed in mice
can be extended to other species for regenerative medicine and germline modification.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
Stem cells are essential for maintaining self-renewing
tissues in postnatal animals, including epidermis, intestinal
epithelium, hematopoiesis, and spermatogenesis. These tis-
sues can be divided into three functionally and kinetically
distinct compartments. The stem cell compartment contains
undifferentiated cells that have the capacity to self-renew as
well as produce the differentiated cell lineage(s) required by
the resident tissue. The transit compartment, which is not
self-maintaining and must receive cellular input from the
stem cell compartment, contains differentiating descendents
of the stem cells that may continue proliferating (transit-
amplifying) or differentiate without further division (simple
transit) (Potten, 1992). The differentiated compartment of
self-renewing tissues contains the nondividing functional
cells that are lost through death or migration out of the
tissue and must be replaced continuously. Among self-
renewing tissues, hematopoiesis and spermatogenesis have
the most active transit-amplifying compartments with
10–12 divisions between the stem cell and the terminally
differentiated product. With this level of productivity, trans-
plantation of just a few stem cells is sufficient to reconstitute
the dependent tissue, restoring the blood or fertility, respec-
tively (Harrison, 1980; Ogawa et al., 2000). A corollary of
this productivity is that hematopoietic (HSC) and spermato-
gonial (SSC) stem cells are heavily outnumbered by the
differentiated cells that they produce and are rare in their
respective systems, which complicates biological and bio-
chemical analyses.
In addition to their role in normal tissue maintenance,
stem cells have tremendous potential for restoring unhealthy
or damaged tissues. Among adult tissue stem cells, HSCs
have been the most extensively studied due in large part to
the development of a transplantation functional assay to
evaluate stem cell activity 40 years ago (Till and McCul-
loch, 1961). This assay enabled investigators to study sys-
tematically biological relationships between HSCs and their
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specialized microenvironments (niches, e.g., in the bone
marrow). Heterologous or autologous HSC transplantations
are now routinely used to restore hematopoiesis in patients
whose immune systems are defective or compromised, for
example, by cytoablative treatment of cancer. A functional
transplantation assay for SSCs was described more recently
(Brinster and Avarbock, 1994; Brinster and Zimmermann,
1994), and the field has developed rapidly in mice to reveal
(1) stem cell characteristics in various testis populations, (2)
strategies for enriching SSCs, and (3) the quantity and
quality of stem cell niches in recipient seminiferous tubules.
A unique feature of the SSC transplantation technique is
that donor-derived spermatogenic colonies remain in close
association with the stem cells that produced them, thus
allowing clonal evaluation of spermatogenic productivity
from individual stem cells (Nagano et al., 1999). In addi-
tion, because of their location in the male germline, SSCs
are vehicles for restoring fertility (Brinster and Avarbock,
1994; Ogawa et al., 2000; Shinohara et al., 2001) or mod-
ifying the germline (Nagano et al., 2000, 2001, 2002;
Hamra et al., 2002; Orwig et al., 2002a). The spermatogenic
process is well conserved in mammals (Fritz, 1986), sug-
gesting that techniques to manipulate the male germline of
mice will be translated to other species. To harness the
potential of these SSCs and extend the mouse results to
other species, it is necessary to evaluate the biological
characteristics of stem cells and their niches in donor and
recipient testes of each species.
Rats are well-established models of basic biology, hu-
man physiology, and disease, and many of the classical
studies on spermatogenesis and testis development were
performed in the rat. We previously demonstrated that,
relative to adult mouse testes, adult rat testes contain a
higher concentration and number of stem cells and each
stem cell produces a larger colony of spermatogenesis (Or-
wig et al., 2002c). In addition, rat SSCs can be genetically
modified using viral vectors (Hamra et al., 2002; Orwig et
al., 2002a) and can be purified to homogeneity from new-
born rat testes based on distinct morphological characteris-
tics (Orwig et al., 2002b), which facilitates biological in-
vestigations. Therefore, rat SSCs represent a potentially
excellent resource for investigating stem cell and niche
development, restoring fertility, and modifying the germ-
line. In the current study, we characterized stem cell activity
in donor rat testes during postnatal development using a
rat-to-nude mouse transplantation technique as a bioassay
(Clouthier et al., 1996; Orwig et al., 2002c).
In order to implement fully the spermatogonial trans-
plantation technique in rats, it is necessary to develop and
evaluate rat recipient testis models. The quality and acces-
sibility of the stem cell niche in recipient seminiferous
tubules is an important determinant of donor germ cell
engraftment efficiency. Previous studies revealed that colo-
nization by donor SSCs is enhanced when endogenous germ
cells are absent due to genetic mutation or removed by
ablative strategies. Also, the recipient testis environment in
juvenile animals is superior to that in adult animals (Ogawa
et al., 1999; Shinohara et al., 2001). The best mouse recip-
ient identified to date is the congenitally infertile W mutant
mouse pup, which lacks endogenous spermatogenesis due
to a mutation in the c-kit receptor tyrosine kinase. Although
a c-kit mutant rat (Ws/Ws) has been described (Niwa et al.,
1991; Ohta et al., 2001), these animals are fertile and not
likely to provide an optimal recipient testis environment.
Furthermore, germ cell-deficient genetic models are not
available to serve as transplantation recipients for other
species. Practical and universally applicable recipient prep-
aration protocols are needed.
Strategies for removing endogenous germ cells include
treatment with radiation or chemotherapeutic agents, such
as busulfan. While busulfan treatment of adult mice causes
nearly complete removal of endogenous germ cells, the
situation is more complicated in rats. Juvenile and adult rats
are sensitive to the toxic systemic affects of busulfan, and
doses that are compatible with survival in postnatal animals
are not sufficient to completely remove endogenous sper-
matogenesis (Ogawa et al., 1999). In contrast, busulfan
treatment of pregnant female rats (fetal-busulfan treatment)
results in the live birth of male offspring that are devoid of
endogenous germ cells and permanently infertile (Hems-
worth and Jackson, 1963). Fetal-busulfan treatment of mice
results in male offspring that support high levels of donor
spermatogenesis, become fertile, and pass the donor geno-
type to progeny (Brinster et al., 2003). However, ablative
therapies (e.g., chemotherapy or radiation) used to remove
endogenous germ cells damage the testis environment, and
rat testes are more sensitive to this damage than mouse
testes (Meistrich, 1998). Thus, the nonablated recipient
model may be desirable in some instances. We recently
demonstrated the utility of this approach by showing that
mouse spermatogonial stem cells can engraft nonablated
mouse pup recipient testes with efficiencies similar to busul-
fan-treated adult recipients (Shinohara et al., 2002). Finally,
our previous results demonstrated that busulfan-treated rat
pup testes supported higher levels of donor germ cell en-
graftment than busulfan-treated adult rat testes (Ogawa et
al., 1999). Therefore, we evaluated the quality, availability,
and engraftment potential of spermatogonial stem cell
niches in three rat pup models by spermatogonial stem cell
transplantation; wild type nonablated, pup-busulfan-treated,
and fetal-busulfan-treated. The results demonstrate signifi-
cant differences between recipient models, which should be
relevant to other species.
Materials and methods
Donor rats and cell collection
Donor testis cells were obtained from neonate (2–3 days
postpartum, dpp; day of birth is 0 dpp), pup (12–13 dpp),
and adult (88–90 dpp) Sprague-Dawley (S/D) rats carrying
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a fusion transgene composed of the mouse metallothionein
I (MT) promoter driving the expression of the lacZ struc-
tural gene (Rhim et al., 1994). The lacZ transgene is ex-
pressed in germ cells of MT-lacZ donor rats (Clouthier et
al., 1996; Orwig et al., 2002b; Fig. 1A) and encodes a
nuclear-localized -galactosidase protein. Donor-derived
spermatogenesis is identified after transplantation into re-
cipient seminiferous tubules by staining with the -galac-
tosidase substrate, 5-bromo-4-chloro-3-indolyl -D-galacto-
side [X-gal, (Nagano et al., 1999)]. Single-cell suspensions
from neonate, pup, and adult donor testes were produced by
enzymatic digestion as previously described (Bellve´ et al.,
1977; Brinster and Avarbock, 1994; Ogawa et al., 1997;
Orwig et al., 2002b). Donor cell populations consisting of
somatic and germ cells of the seminiferous epithelium were
prepared for transplantation by suspension in Minimum
Essential Medium- (MEM) containing 10% fetal bovine
serum (FBS) at concentrations of 10  106 cells/ml for
quantitative analyses of donor stem cell colonization, and
100  106 cells/ml for fertility studies.
Recipient preparation and transplantation procedure
NCr nude (nu/nu; Taconic, Germantown, NY) recipient
mice were treated with busulfan (44 mg/kg; Sigma, St.
Louis, MO) at 4–6 weeks of age (Brinster and Avarbock,
1994; Clouthier et al., 1996; Russell and Brinster, 1996).
Busulfan-treated recipient testes are virtually devoid of en-
dogenous germ cells, and approximately 10 l of donor
testis cell suspension can be introduced per testis at the time
of transplantation, about 6 weeks after busulfan treatment.
Recipient mice were anesthetized by Avertin injection (640
mg/kg, i.p.) for transplantation.
To generate “fetal-busulfan-treated” rat pup recipients
for spermatogonial transplantation, pregnant female S/D
rats were treated with busulfan (10 mg/kg, i.p.) on day 14,
15, 16, 17, or 18 postcoitum. Day of vaginal plug was
considered 0 days postcoitum (dpc). In order to maintain a
healthy intratesticular environment, hormonal treatment
was used in some fetal-busulfan-treated rat recipients. Two
doses of a gonadotropin-releasing hormone (GnRH) ago-
nist, leuprolide acetate (Leupron; TAP Pharmaceuticals
Inc., Deerfield, IL, USA), were administered subcutane-
ously at 3–5 days (7.6 mg/kg) and 1 month (3.8 mg/kg) after
transplantation, respectively. “Pup-busulfan-treated” recip-
ients were generated by busulfan treatment (10 mg/kg) on
8–12 dpp, as previously described (Ogawa et al., 1999).
Untreated “wild type” S/D male rat pups were also evalu-
ated as transplantation recipients.
Rat pup donor testis cells were introduced by efferent
duct injection into the testes of recipient rats according to
methods previously described for mouse (Ogawa et al.,
1997) and rat (Ogawa et al., 1999). Preliminary experiments
demonstrated that transplantations into rat pup testes be-
tween 9 and 16 dpp, when few endogenous germ cells are
present and prior to the formation of Sertoli cell tight junc-
tions (18 dpp), were difficult and results were not repro-
ducible, probably because seminiferous tubules were not
uniformly patent in these young animals. However, reliable
results were obtained when donor cells were introduced into
rat testes between 19 and 28 dpp, and these conditions were
used for all experiments reported in this study. Because
testis size and morphology at the time of transplantation
were different in the three types of rat recipients, injection
volumes ranged from 10 to 85 l. The total number of SSCs
transplanted into each recipient testis (range 660 to 30,000
SSCs/testis) is a function of the stem cell concentration in
donor testis cell suspensions and the volume transplanted.
Recipient rats were anesthetized with Ketamine (75 mg/kg,
i.p.) and Medetomidine (0.5 mg/kg, i.p.) for transplantation.
Colonization and fertility analysis of transplantation
recipients
Testes of recipient mice and rats were collected 3 months
after transplantation, stained with X-gal to visualize donor-
derived spermatogenesis (Nagano et al., 1999), and ana-
lyzed using a computer-assisted imaging system (Dobrinski
et al., 1999). Transgenic donor spermatogonial stem cells
are defined by their ability to produce blue colonies of
spermatogenesis in recipient testes, and each colony is
thought to be clonally derived from a single stem cell
(Dobrinski et al., 1999; Nagano et al., 1999). Differentiated
germ cells cannot produce and sustain colonies of sperma-
togenesis, and endogenous germ cells do not express the
lacZ transgene. Colony number and colony length were
determined to evaluate donor-derived spermatogenesis in
recipient testes. Because donor testis cell concentrations and
volumes varied, colony number was normalized to 105 cells
injected per testis.
To examine the fertility status following transplantation
with a high concentration (100  106/ml) of MT-lacZ rat
pup donor testis cells, fetal-busulfan-treated, pup-busulfan-
treated, and untreated wild type rat pup recipients were
mated with wild type S/D female rats. Testes of male prog-
eny of fertile recipient rats were analyzed for lacZ expres-
sion by staining with X-gal. Staining for lacZ expression is
our screening method of choice because it demonstrates not
only the presence of the transgene, but also that the trans-
gene is expressed and a functional protein is produced.
However, we found that testes are the only tissue that can be
reliably stained blue in the MT-lacZ transgenic rat model.
Therefore, tail DNA was also evaluated for the presence of
the lacZ gene by polymerase chain reaction (PCR) for all
male and female progeny of later litters (forward primer,
5-ggatttttgcatcgagctggg-3; reverse primer, 5-caactggtaat-
ggtagcgac-3). All breeding males were sacrificed between
5 and 15 months of age, and their testis weights were
recorded. The Animal Care and Use Committee of the
University of Pennsylvania approved all experimental pro-
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cedures in accordance with The Guide for Care and Use of
Laboratory Animals of the National Academy of Sciences
(Assurance no. A3079-01).
Statistics
Analysis of variance (ANOVA) was used to test for
differences among groups in colony number/105 cells (do-
nor studies), colony length (donor studies), and recipient
testis weight. Significant differences between means were
determined by using Scheffe’s multiple comparisons test.
Two-sample t-tests were used to identify differences in litter
size, days to first fertility, fertile/infertile recipient testis
weight, colony number/105 cells (recipient studies), and
colony length (recipient studies). Chi-square analyses were
used to examine differences in percent spermatogenic tu-
bules. Survival statistics were compared between busulfan-
treated and control groups using logistic regression analyses
with Bonferroni adjusted P values for multiple compari-
sons.
Results
Stem cell kinetics in the developing rat testis
MT-lacZ donor rat testes exhibit dramatic changes in
testis size and morphology during development (Fig. 1A).
These changes are accompanied by significant increases in
testis weight and cells recovered per testis from neonate to
pup to adult (Fig. 1, legend). Gonocytes (primarily type T1
prospermatogonia) are the only germ cells present in neo-
nate rat testes, and these morphologically distinct cells are
located in the seminiferous tubule lumen (Fig. 1A, left). Pup
testes contain only undifferentiated germ cells that are lo-
cated primarily on the seminiferous tubule basement mem-
brane (Fig. 1A, middle), and adult rat testes contain multiple
germ cell layers and mature spermatozoa (Fig. 1A, right).
Busulfan-treated nude mice are excellent and well-estab-
lished recipients for evaluating stem cell activity in rat testis
cell populations (Orwig et al., 2002a,b,c). Therefore, we
used the rat-to-nude mouse transplantation model to exam-
ine stem cell activity in the developing rat testis. The results
shown in Fig. 1B demonstrated moderate changes in stem
cell concentration during testis development, with the high-
est concentration in pup testes (28.5 col/105 cells trans-
planted) and the lowest concentration in adult testes (8.6
col/105 cells transplanted, P  0.05). However, because of
the dramatic increase in testis size from birth to adult, the
number of functional spermatogonial stem cells per testis
[(colonies/105 cells)  (cells/testis)] increased 69-fold from
neonate (579) to adult (39,831; Fig. 1C). Stem cells derived
from neonate, pup, and adult donor testes produced sper-
matogenic colonies of similar size (Fig. 1B, P  0.56).
Developmental and morphological comparison of wild
type and busulfan-treated rat testes
Initially, the effects of busulfan on animal health, as well
as testicular morphology and function were evaluated. Fol-
Fig. 1. Morphology and stem cell activity in neonate, pup, and adult donor
testes. (A) Macroscopic (top) and histological (bottom) appearance of
Neonate (2–3 dpp, left), pup (12–13 dpp, middle), and adult (88–90 dpp,
right) MT-lacZ donor testes are shown. Neonate testes weighed 4.7  0.4
mg (n  12), and 3.4  0.3  106 cells were recovered per testis (n  3).
Pup testes weighed 34.7  1.3 mg (n  10), and 23.6  1.7  106 cells
were recovered per testis (n  2). Adult testes weighed 1711.0  48.1 mg
(n  8), and 463.0  83.4  106 cells were recovered per testis (n  2).
Testes were stained with X-gal, sectioned, and counterstained with eosin.
Bar: 5 mm (top); 40 m (bottom). (B) Colonization of busulfan-treated
nude mouse recipient testes by neonate, pup, and adult MT-lacZ rat donor
testis cells. Spermatogonial stem cell concentration (colonies/105 cells) and
colony length (mm) were determined by X-gal staining and analysis 3
months after transplantation. The number of colonies produced per 105
cells from neonate, pup, and adult were 16.8  2.8, 28.4  7.7, and 8.6 
1.7, respectively (n  12), and colony lengths were 5.1  0.9, 6.0  0.7,
and 5.1  0.7 mm, respectively (n  91 colonies). (C) The total number
of functional stem cells per testis [(colonies/105 cells) (cells/testis)] from
neonate, pup, and adult were 579.0  55.0, 6702.4  482.8, and 39830.9
 589.1, respectively (n  2). Values are mean  SEM.
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lowing busulfan treatment (administered between 14 and 18
dpc, fetal-busulfan), pregnant females delivered litters of
normal size (12.2  0.5 pups/litter) compared with un-
treated controls (12.0  1.0 pups/litter, P  0.87). How-
ever, short-term (3–4 weeks after birth) survival following
fetal-busulfan treatment (70.9  6.5%) was significantly
lower than for untreated controls (94.5 5.6%, P 0.001).
The pup-busulfan treatment protocol (8–12 dpp) did not
adversely affect short-term survival (95.2  2.8%).
The testes of wild type and busulfan-treated animals
were evaluated morphologically at 3–4 weeks and 3 months
of age. Three to four weeks of age corresponds to the time
when wild type and busulfan-treated rats would be used as
transplantation recipients. Wild type testes contained sev-
eral layers of spermatogenic cells at 3 to 4 weeks of age, but
seminiferous tubules of fetal- and pup-busulfan-treated tes-
tes were relatively devoid of germ cells (Fig. 2B, F, and J).
Testis weights were significantly greater in wild type than
busulfan-treated testes (Fig. 2, legend, P  0.001). Al-
though pup- and fetal-busulfan-treated testes were histolog-
ically similar (devoid of germ cells), testis weights were
significantly greater in pup- than fetal-busulfan-treated rats
(P  0.001, Fig. 2E and I, and legend).
All seminiferous tubules in the testes of 3-month-old
wild type rats contained complete spermatogenesis as evi-
denced by the presence of multiple germ cell layers and
mature spermatozoa (Fig. 2C and legend). In contrast, only
45.2  3.5% of seminiferous tubules contained spermato-
genesis in pup-busulfan-treated testes (Fig. 2G and legend),
and no spermatogenesis was seen in the seminiferous tu-
bules of fetal-busulfan-treated testes (Fig. 2K and legend).
Testis weights were significantly greater in wild type rats
(1625.1  14.7 mg) than pup- (400.9  35.9 mg) or fetal-
busulfan-treated rats (291.3  31.8 mg) at 3 months of age
(Fig. 2D, H, and L, P  0.001).
Fertility assessment in wild type and busulfan-treated rats
The fertility status of wild type and busulfan-treated
male rats was determined by mating with wild type S/D
females. The results shown in Table 1 indicate that all wild
type rats became fertile by about 3 months of age (93.5 
4.2 days). By comparison, only 60% (3/5) of pup-busulfan-
Fig. 2. Macroscopic and histological appearance of wild type, pup-busulfan-treated, and fetal-busulfan-treated S/D rat testes 3–4 weeks and 3 month after
birth. At 3–4 weeks of age, wild type (A), pup-busulfan-treated (E), and fetal-busulfan-treated (I) rat testes weighed 261.0  4.8, 120.1  11.1, and 72.6
 5.3 mg, respectively (n  6). Multiple germ cell layers were present in wild type testes (B), but fetal- and pup-busulfan-treated testes contained only a
single layer of germ cells (F and J). At 3 months of age, endogenous spermatogenesis (multiple germ cell layers) was observed in 100%, 45.2  3.5%, and
0% of wild type (C), pup-busulfan-treated (G), and fetal-busulfan-treated (K) seminiferous tubules, respectively (n  3 testes). Wild type (D), pup-busulfan-
treated (H), and fetal-busulfan-treated (L) rat testes weighed 1625.1  14.7, 400.9  35.9, and 291.3  31.8 mg, respectively (n  8). Counterstain (B, C,
F, G, J, K), hematoxylin and eosin. Bars: 5 mm (A, D, E, H, I, L); 400 m (B, C, F, G, J, K).
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treated males became fertile, fertility was significantly de-
layed (129.3  7.8 days, P  0.01), and fertile testis
weights were significantly smaller than in wild type rats
(Table 1, column 3, P  0.0001). No fetal-busulfan-treated
rats were fertile at the end of the analysis period (10
months of age). Testis weights in wild type and fertile
pup-busulfan-treated males were significantly greater than
in infertile pup- and fetal-busulfan-treated males (Table 1,
compare columns 3 and 5, P  0.0001), reflecting a greater
recovery of endogenous spermatogenesis in the fertile
group.
Evaluation of stem cell niche characteristics in recipient
rat testes by germ cell transplantation
Spermatogonial transplantation was used to evaluate and
compare the recipient rat testis environments in wild type,
pup-busulfan-treated, and fetal-busulfan-treated pups. Since
the results of the first experiment demonstrated that rat pup
testes contained the highest concentration of spermatogonial
stem cells, we used MT-lacZ pups as donors for the trans-
plantation analysis. When wild type recipient testes were
analyzed 3 months after transplantation, no donor-derived
spermatogenic colonies were observed (Fig. 3). Although
we increased the donor cell number for transplantation by
10-fold (100  106 cells/ml) in some wild type rat recipi-
ents, donor-derived colonies were not evident. In contrast,
despite differences in levels of endogenous spermatogenesis
(compare pup- and fetal-busulfan-treated testis results in
Fig. 2 and Table 1), the data in Fig. 3 showed similar high
levels of donor germ cell engraftment and colony length in
the testes of pup- (17.8  5.3 colonies/105 cells trans-
planted, 15.5 6.1 mm) and fetal- (15.6 3.3 colonies/105
cells transplanted, 13.5  1.7 mm) busulfan-treated males
(P  0.73, P  0.76).
Macroscopic and histological examination of recipient
testes 3 months after transplantation revealed differences in
donor vs. endogenous spermatogenesis and testis weights.
By 3 months after transplantation, recipient testis weights
(Fig. 3B, top) were significantly (P 0.001) greater in wild
type (1831.4  73.9 mg) than pup- (753.1  64.5 mg) or
fetal-busulfan-treated testes (308.9  20.5 mg); and pup-
busulfan-treated testis weights were significantly greater
than fetal-busulfan-treated testis weights (P  0.001).
While all seminiferous tubules of untreated wild type recip-
ients contained endogenous spermatogenesis (Fig. 3B, bot-
tom left), those of pup-busulfan-treated recipients contained
both endogenous (56.9  12.7%) and donor-derived sper-
matogenesis (10.6  4.1%, Fig. 3B, bottom middle). In
contrast, endogenous spermatogenesis was observed in only
2.5  1.1% of seminiferous tubules of fetal-busulfan-
treated recipients, and 15.6  5.8% of seminiferous tubules
contained donor-derived spermatogenesis; the remaining tu-
bules were empty (Fig. 3B, bottom right).
Fertility analysis and generation of donor-derived
progeny from recipient rats following spermatogonial
transplantation
Donor testis cells from MT-lacZ transgenic rat pups were
transplanted into wild type and busulfan-treated rat pup
recipient testes to evaluate reproductive performance. MT-
lacZ donor testis cells are homozygous for the lacZ trans-
gene, thus all progeny derived from donor testis cells are
expected to carry the lacZ transgene. Recipient rats were
mated with wild type S/D females, and the testes of male
progeny were evaluated for lacZ expression by staining with
X-gal; testes are the only tissues in the MT-lacZ line that
reliably express lacZ. While all untreated wild type rat pup
recipients became fertile, none produced transgenic prog-
eny. In contrast, 60% of pup-busulfan-treated recipients
were fertile, and the lacZ transgene was expressed in the
testes of 84% (49/58, Table 2,Fig. 4, recipient 8491) of male
progeny. Recipient 8491 produced 5 litters and continu-
ously generated both donor- and recipient-derived male
progeny. Recipient 7684 produced only donor-derived male
progeny (5 litters), and 8492 produced only recipient-de-
rived male progeny (1 litter). Fetal-busulfan-treated recipi-
Table 1
Testis and fertility characteristics of wild type and busulfan-treated rats
Treatmenta Days to first fertility
 SEM (n)b
Fertile Infertile
Testis weight (mg)
 SEM (n)c
Spermatogenic tubules
(%) (n)d
Testis weight (mg)
 SEM (n)c
Spermatogenic tubules
(%) (n)d
Wild type 93.5  4.2 (4) 1770.6 64.5 (8) 100.0 0 (4) NA NA
Pup-bus 129.3 7.8 (3) 704.3 46.0 (6) 51.1 7.3 (3) 154.9 18.0 (4) 1.0 0.24 (2)
Fetal-bus NA NA NA 297.2 30.5 (10) 0.0 (10)
a Wild type: male rat pups that were not treated with busulfan. Pup-bus: male rat pups were treated with busulfan (10 mg/kg, i.p.) between 8 and 12 dpp.
Fetal-bus: male progeny from pregnant female rats that were treated with a single dose of busulfan (10 mg/kg, i.p.) between 14 and 18 dpc.
b Days from birth to first progeny. n  number of experimental animals that became fertile.
c Testis weights were determined for all experimental animals at the end of the analysis (fertile: after 2 litters, infertile: 10 months of age) and grouped
according to the fertility status of the animal. n  number of testes analyzed.
d Seminiferous tubule cross-sections with multiple layers of germ cells were considered to be positive for spermatogenesis. At least 2 histological sections
and 300 seminiferous tubules were analyzed in each experimental animal. n  number of experimental animal analyzed.
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ents became fertile in 20% of cases, and the testes of all
male progeny (33/33) expressed the lacZ gene (Table 2).
Transmission through the female germline was demon-
strated when hemizygous female progeny (F1) of fetal-
busulfan-treated recipients (Fig. 4) passed the lacZ gene to
approximately half (3/7) of their male offspring (F2). Also,
all male and female progeny from selected litters of pup-
and fetal-busulfan-treated recipients were genotyped by
PCR using lacZ-specific primers. The PCR results shown in
Fig. 5 are consistent with the testis staining results (Table 2,
Fig. 4), demonstrating similar transmission in both sexes.
Four out of the five fetal- and pup-busulfan-treated recipi-
ents that became fertile produced progeny with the donor
genotype in the first litter (Table 2). Half of fetal-busulfan-
treated recipients were treated with the GnRH agonist, Leu-
pron, because this treatment has been shown to enhance
donor colonization following ablative treatment (Ogawa et
al., 1998; Dobrinski et al., 2001), but Leupron provided no
benefit in the current study (Table 2). The progeny results
from busulfan-treated recipients were in good accord with
histological analyses (Fig. 3), which showed (1) higher
levels of spermatogenesis in pup- (total endogenous  do-
nor, 68%) than fetal-busulfan-treated (18%) recipients and
(2) pup-busulfan-treated recipient testes contained endoge-
nous and donor germ cells, while fetal-busulfan-recipients
had almost exclusively donor spermatogenesis.
Discussion
In order to evaluate the biological characteristics of male
germline stem cells, we used a spermatogonial transplanta-
tion technique to determine stem cell activity and niche
quality in the developing rat testis. Only a few examples of
rat-to-rat spermatogonial stem cell transplantation have
been reported, but using the mouse model as a foundation,
the technology has developed rapidly from a proof of prin-
ciple (Jiang and Short, 1995; Ogawa et al., 1999), to resto-
ration of fertility from donor germ cells (Hamra et al., 2002;
Zhang et al., 2003), to production of transgenic animals
(Hamra et al., 2002). Systematic examination of donor and
recipient rat testis models in the current study provides a
basis for understanding stem cell and niche characteristics
in the postnatal male germline.
Germline development from birth to adulthood is accom-
panied by dramatic changes in stem cell character and testis
environment. Our results indicate that stem cell number
increases about 69-fold during rat testis development from
neonate to adult, similar to the 39-fold increase found in the
mouse (Shinohara et al., 2001). However, only moderate
differences in stem cell concentration were observed (Fig.
1B), suggesting that stem cell numbers increase in parallel
with the size and biological demand of the testis. Further-
more, based on our functional transplantation analysis, the
Table 2
Reproductive performance of recipient rats following transplantation
Treatmenta Recipient rat
number
Testis weight (mg)b Transgenic/Total
male pups (total
pups)c
Days from
transplant to first
pup
Days from
transplant to first
transgenic pup
R L
Wild type 8020 1814 1814 0/33 (65) 64 —
8021 2044 2021 0/37 (62) 64 —
8023 610 2240 0/30 (59) 70 —
8024 1107 1395 0/6 (10) 168 —
Pup-bus 7684 343 512 26/26 (45) 120 120
8336 215 460 — — —
8337 592 398 — — —
8491 244 1113 23/29 (56) 119 119
8492 454 580 0/3 (12) 116 —
Fetal-bus 7951 594 200 30/30 (49) 127 127
8356 240 300 — — —
8358 269 240 — — —
8487 298 320 — — —
8488 150 210 — — —
7953d NA NA 3/3 (6) 126 126
8354d 272 256 — — —
8355d 376 361 — — —
8489d 305 283 — — —
8490d 297 243 — — —
a Recipient rats were prepared for transplantation as described in Table 1.
b Testis weights were determined at the end of the breeding period (5–15 months of age).
c Testes are the only tissue that can be reliably stained blue in the MT-lacZ transgenic rat model. The total number of male and female pups is indicated
in parentheses.
d Half of fetal-busulfan-treated recipients were treated with Leupron.
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Fig. 3. Evaluation of testis environment and niche quality/accessibility in recipient rat testes by spermatogonial stem cell transplantation. MT-lacZ donor rat
pup testis cells were transplanted into wild type, pup-busulfan-treated, and fetal-busulfan-treated S/D rat testes. The degree of colonization from donor cells
3 months after transplantation is represented by the number (colonies/105 cells transplanted) and length (mm) of individual blue spermatogenic colonies. (A)
The number of colonies produced per 105 cells from wild type, pup-busulfan-treated, and fetal-busulfan-treated recipient testes were 0.0, 17.8 5.3, and 15.6
 3.3, respectively (n  16); colony lengths were N.A., 15.5  6.1 mm, and 13.5  1.7 mm, respectively (n  175 colonies). (B) Macroscopic (top) and
histological (bottom) comparison of wild type, pup-busulfan-treated, and fetal-busulfan-treated rat recipient testes 3 months after transplantation. Wild type
recipient testes weighed 1831.4  73.9 mg (n  16), and 99.8% (0.0% donor, 99.8  0.1% endogenous) of seminiferous tubules had spermatogenesis (n
 4). Pup-busulfan-treated recipient testes weighed 753.1  64.5 mg (n  16), and 67.5% (10.6  4.1% donor, 56.9  12.7% endogenous) of seminiferous
tubules had spermatogenesis (n 4). Fetal-busulfan-treated recipient testes weighed 308.9 20.5 mg (n 16), and 18.1% (15.6 5.8% donor, 2.5 1.1%
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capacity of postnatal male germline stem cells to produce
and maintain spermatogenesis is constant and independent
of age as evidenced by the observation that stem cells from
neonate, pup, and adult donors produced spermatogenic
colonies of similar size (5.6 mm) by 3 months after
transplantation (Fig. 1B). Similar stem cell kinetic profiles
were observed in the mouse (Shinohara et al., 2001), al-
though at any developmental stage, rat testes have a 5- to
10-fold higher concentration of stem cells. Therefore, as is
the case in the mouse, rat spermatogonial stem cells provide
excellent vehicles for restoring fertility and modifying the
germline.
Morphological studies estimate that spermatogonial stem
cells (Asingle spermatogonia) comprise about 1 in 500 cells
of the adult rat testis (Huckins, 1971; Orwig et al., 2002c).
Our analyses detected about 1 functional stem cell per
11,628 adult rat testis cells (8.6 colonies/105 cells trans-
planted). These results indicate a transplantation efficiency
of about 4.3% (500/11,628), which is similar to previous
observations in neonate and adult rats (Orwig et al.,
2002b,c). The average age of neonate and pup donors was 2
and 12 days, respectively, a 10-day period. During that time,
6123 functional stem cells [(6702-579) colonies per testis,
Fig. 1C] were generated, or 612 per day. Similarly, from
pup (12 days) to adult (89 days) about 33,129 functional
stem cells [(39,831-6,702) colonies per testis, Fig. 1C] were
produced, or 430 per day (33,129 stem cells/77 days). Since
the colonization efficiency is about 4.3%, the actual daily
increases in stem cell numbers were about 14,233 (612/
0.043) from neonate to pup and 10,000 (430/0.043) from
pup to adult, or one new stem cell produced every 6 and 9
seconds, respectively (e.g., 86,400 seconds per day/14,233
stem cells). Therefore, during the period of testis develop-
ment from neonate to pup, when the stem cell population is
expanding exponentially, the population doubling time is
about 2.8 days (Butler and Dawson, 1992).
The stem cell niche is a specialized cellular compartment
that promotes stem cell survival/maintenance and excludes
factors that induce differentiation. When a stem cell divides
in its niche, only one daughter cell can remain, the other cell
will be committed to differentiate unless another niche is
available (Schofield, 1978). The spermatogonial stem cell
niche is defined in part by close associations with Sertoli
cells (Shinohara et al., 2003), which line the basement
membrane of the seminiferous tubules. Sertoli cell numbers
increase rapidly during the prepuberal period from approx-
imately 1.5  106 at birth to 30  106 by 15–20 days
postpartum when Sertoli cell divisions cease (Bortolussi et
al., 1990; Yang et al., 1990). Therefore, Sertoli cells, and
presumably spermatogonial stem cell niches, reach their
maximum numbers in the rat pup testis before day 20 of
development. The adult rat testis contains 926,302 stem
cells (39831/0.043) and, therefore, at least this many niches.
If the total number of niches (at least 926,302) is already
established in the rat pup testis, which contains 155,860
stem cells (6702/0.043), then the remaining 770,442 niches
(926,302–155,860) might be open and available for engraft-
ment by donor stem cells. These observations may explain
the reported superiority of pups over adults as transplanta-
tion recipients in both mice (Shinohara et al., 2001) and rats
Fig. 5. Polymerase chain reaction results demonstrating the genotype of F1 progeny from pup- and fetal-busulfan-treated rat recipients. Tail DNA from
selected litters of pup-busulfan-treated (8491, litter 5) and fetal-busulfan-treated (7951, litter 4) recipients was evaluated for the presence of the lacZ transgene
using specific primers that amplified an 820-bp target sequence. The donor genotype was passed to the majority (pup-busulfan-treated) or all (fetal-busulfan-
treated) progeny of rats transplanted with MT-lacZ rat testis cells. Analyses of S/D and MT-lacZ tail DNA represent negative and positive controls, respective
(center panel).
endogenous) of seminiferous tubules had spermatogenesis (n  4). Testes were stained with X-gal, sectioned, and counterstained with eosin. Bars: 5 mm
(top); 150 m (bottom).
Fig. 4. Pedigree from pup- and fetal-busulfan-treated recipient rats demonstrating transmission of the lacZ gene through male and female germ lines. Although
donor testis cells were transplanted into both testes of recipient rats, lacZ staining demonstrates differences in colonization that can be attributed to technical
difficulties and/or environmental factors in the recipient testes. Nonetheless, pup-busulfan-treated (8491) and fetal-busulfan-treated (7951) recipients were
fertile and produced litters of normal size with the expected ratio of male to female progeny when mated with wild type females. Testes of male descendents
from busulfan-treated rat recipients were stained with the -galactosidase substrate, X-gal to demonstrate transmission and expression of the lacZ transgene.
Testes are the only tissue that reliably exhibits -galactosidase activity in the MT-lacZ transgenic line. Analysis of male progeny in the F2 generation of the
fetal-busulfan-treated recipient (7951) demonstrates similar transmission through male and female germ lines. Testes of wild type S/D and transgenic MT-lacZ
newborn rats were stained with X-gal and constitute negative and positive controls, respectively.
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(Ogawa et al., 1999) and reveal a general characteristic of
all species.
Our transplantation results indicate that donor spermato-
gonial stem cells completely failed to colonize wild type
nonablated rat pup recipient testes, even though we believe
that the majority of niches are devoid of endogenous stem
cells in this model (see above). These results suggest that
the 2–3 layers of differentiating germ cells in rat pup sem-
iniferous tubules (see Fig. 2B) presented a substantial ob-
stacle that prevented the migration of donor stem cells from
the seminiferous tubule lumen to the niche on the basement
membrane. In contrast to wild type recipients, high levels of
donor stem cell engraftment were observed in fetal- and
pup-busulfan-treated rat recipients, in which endogenous
germ cells were virtually absent at the time of transplanta-
tion (see Fig. 2F and J). Furthermore, the presence of re-
sidual endogenous germ cells in rat pup-busulfan-treated
testes apparently did not impede colonization by donor
testis cells because similar colony numbers and lengths
were observed in fetal- and pup-busulfan-treated recipients.
It is possible that available stem cell niches (700,000, see
above) were far in excess of the number of transplanted
stem cells (maximum 30,000, see Materials and methods)
and competition with endogenous stem cells was not a
factor.
In addition to supporting high levels of donor sperma-
togenesis, both fetal- and pup-busulfan-treated recipients
became fertile and produced progeny with donor character-
istics when a high concentration of donor germ cells was
transplanted. However, important differences were evident
between pup- and fetal-busulfan-treated models, which pro-
vide insight into the dynamics of stem cell biology, germ-
line development, and testicular environment. For example,
60% of pup-busulfan-treated recipients became fertile, but
the persistence of endogenous spermatogenesis lead to the
generation of both donor-derived (84%) and recipient-de-
rived (16%) progeny. In contrast, only 20% of fetal-busul-
fan-treated recipients became fertile, but since endogenous
spermatogenesis was virtually absent, the donor genotype
was passed to 100% of progeny. The decreased fertility
observed in fetal-busulfan-treated recipients probably can
be attributed to deficits in the testicular environment. Sper-
matogenesis is a highly organized process that involves
intricate associations between the germ cell and somatic cell
compartments of the testis. Treatments that remove germ
cells will disrupt the testicular milieu and create an envi-
ronment that is detrimental to both compartments (Je´gou et
al., 1983; Meistrich, 1998). Consistent with this premise,
studies in the mouse demonstrated that fertility is rarely
established in adult recipient animals following high dose
busulfan treatments that completely remove endogenous
spermatogenesis (Brinster et al., 2003). In contrast, adult
mice treated with a low dose of busulfan (Brinster and
Avarbock, 1994) or fetal-busulfan-treated mouse pups
(Brinster et al., 2003) support high levels of donor sperma-
togenesis, become fertile, and pass the donor genotype to
progeny, despite the persistence of endogenous spermato-
genesis.
Considering these results in the context of similar studies
in mice, several important paradigms are emerging that will
be instructive for extending the transplantation technology
to other species. First, donor cells isolated from rat (current
study) or mouse (Shinohara et al., 2001) testes at any time
during development from neonate to adult have similar stem
cell concentration and spermatogenic potential (colony
size). Therefore, the choice of donor for spermatogonial
transplantation may depend only on the availability of ani-
mal resources and the total number of stem cells required
for the intended outcome. Second, prepuberal animals sup-
port higher levels of donor germ cell engraftment than adult
animals (Ogawa et al., 1999; Shinohara et al., 2001; Brinster
et al., 2003). Explanations for this observation depend on
the timing of the transplantation, but can include the ab-
sence of differentiating germ cells that block access to the
basement membrane, absence of Sertoli cell tight junctions,
availability of vacant stem cell niches, and a favorable
growth factor/hormonal milieu. Third, donor cell engraft-
ment is enhanced when endogenous germ cells are absent or
compromised by ablative therapies (Brinster et al., 2003;
Shinohara et al., 2002; current study). Busulfan treatment is
a practical ablative treatment that should be applicable in
many species. Finally, complete and permanent removal of
endogenous germs cells is not necessary and may not be
desirable as residual endogenous spermatogenesis may con-
tribute to a healthy testicular environment (Brinster et al.,
2003; current study).
The spermatogonial transplantation system constitutes an
essential endpoint that enables evaluation of stem cell ki-
netics and niche quality based on the functional readouts of
colony number, colony length, and fertility. Mice and rats
provide ideal experimental models for studying the biology
of germline development because of small size, short ges-
tation, high fecundity, and abundant genetic resources. In
addition, progress developing the transplantation technol-
ogy in rodents lays the foundation that will facilitate fertility
restoration and/or germline modification using spermatogo-
nial stem cells in other species.
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